This article discusses experimental studies of spark-generated shock wave propagation in CO-laser sustained optically pumped CO-Ar-O 2 plasmas. The rotational-translational temperature of the plasma is measured by Fourier transform infrared emission spectroscopy. The electron density in the plasma is determined by microwave attenuation. The line-of-sight averaged density distribution across the propagating shock is detected by photoacoustic deflection ͑PAD͒. The measurements show that adding small amounts of oxygen ͑up to 0.1%͒ to the baseline optically pumped CO-Ar plasma increases the electron density and the ionization fraction by more than an order of magnitude ͑up to n e ϭ0.9ϫ10
͑Received 27 August 2001; accepted for publication 15 November 2001͒ This article discusses experimental studies of spark-generated shock wave propagation in CO-laser sustained optically pumped CO-Ar-O 2 plasmas. The rotational-translational temperature of the plasma is measured by Fourier transform infrared emission spectroscopy. The electron density in the plasma is determined by microwave attenuation. The line-of-sight averaged density distribution across the propagating shock is detected by photoacoustic deflection ͑PAD͒. The measurements show that adding small amounts of oxygen ͑up to 0.1%͒ to the baseline optically pumped CO-Ar plasma increases the electron density and the ionization fraction by more than an order of magnitude ͑up to n e ϭ0.9ϫ10 10 cm Ϫ3 and n e /Nϭ0.8ϫ10 Ϫ8 , respectively͒, while the gas temperature remains nearly constant, within 3%-5%. Therefore this approach allows varying the electron density in the plasma nearly independently of the gas temperature. The PAD measurements show considerable apparent weakening and dispersion of a shock wave propagating in the optically pumped plasma with a strong radial temperature gradient, compared to the shock propagating in a cold nonionized gas. However, varying the electron density independently of the gas temperature does not produce any detectable effect on the measured gas density distribution across the propagating shock. It is therefore concluded that the observed shock weakening is entirely due to the radial temperature gradient sustained by resonance absorption of the CO laser radiation near the centerline of the shock tube and is not affected by the presence of the charged species in the plasma. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1435829͔
I. INTRODUCTION
Shock wave propagation in weakly ionized glow discharge plasmas ͑with an ionization fraction of n e /N ϳ10 Ϫ8 -10 Ϫ6 ͒ has been extensively studied over the last 15 years, both in Russia [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and in the U.S. [12] [13] [14] [15] [16] [17] [18] [19] [20] A number of anomalous effects occurring at these conditions, such as shock acceleration, weakening, and dispersion, have been reported. These effects have been observed in discharges in various gases ͑air, N 2 , Ar͒ at pressures up to Pϭ30 Torr, and for shock wave Mach numbers Mϭ1.5-4.5. They have also been reported to persist for a long time after the discharge is off ͑up to ϳ1 ms͒. These results led to a suggestion that the anomalous shock wave behavior in nonequilibrium plasmas is primarily due to the effect of the speed of sound and the flow field modification by the charged species ͑e.g., ion-acoustic wave͒ 21 or by the metastable species [22] [23] [24] present in the plasma. Recent experimental and modeling results suggest that these effects can in fact be explained by nonuniform gas heating in the discharge. Indeed, pulsed glow discharge/ shock tube experiments 15 and supersonic plasma wind tunnel experiments [17] [18] [19] demonstrate that shock weakening and dispersion in glow discharge plasmas are no longer observed when the gas temperature gradients are reduced to a minimum ͑at about the same electron density͒. In addition, several computational fluid dynamics models predict acceleration, weakening, and dispersion of the shock wave propagating across axial and radial temperature gradients ͑without plasmas͒, [25] [26] [27] fairly consistent with the experiments. Finally, analysis of possible plasma-related mechanisms of the flow field modification ͑ion-acoustic waves, energy storage by metastable species, etc.͒ shows that both these phenomena have a negligible effect on the shock wave propagation. 28 This occurs for two basic reasons: ͑i͒ the ionization fraction in these plasmas is far too low for the charged species, perturbed by the shock, to produce significant coupling with the neutral species flow field; and ͑ii͒ the amount of energy stored in the metastables is too low, or the metastable relaxation rate is too slow to affect the energy balance in the shock.
Although these recent results imply that shock dispersion and weakening in nonequilibrium plasmas is a purely thermal effect, they should not be regarded as entirely conclusive. Indeed, reduction of the temperature gradients in the plasma 15, [17] [18] [19] also increases the flow number density and therefore decreases the ionization fraction, thereby reducing a possible effect of charged species on the shock propagation. On the other hand, varying the electron density in the plasma, without affecting the gas temperature distribution would allow distinguishing the effect of nonuniform Joule heating ͑i.e., temperature gradients͒ from the effect of charged species on the shock wave propagation. This would determine whether ionization contributed to acceleration, weakening, and dispersion of shock waves in glow discharge plasmas observed in previous experiments 1, 2, 12, 13 or whether these effects are entirely due to radial and axial temperature gradients present in the plasma. Such uncoupling of the thermal and ionization effects constitutes the primary objective of the present experiment. Since independent variation of the electron density and the gas temperature in glow discharge plasmas is rather problematic, we analyze shock wave propagation in strongly nonequilibrium optically pumped plasmas sustained by resonance absorption of CO laser radiation. 29, 30 The gas pressure and temperature in these plasmas ͑Pϳ100 Torr, T ϳ400-700 K͒, 30 as well as the electron density and electron temperature ͑n e ϳ10 10 -10 11 cm Ϫ3 , T e ϳ0.5 eV͒ 30,31 are similar to those achieved in glow discharges. In addition, our previous experiments 32, 33 suggest that the electron density and the gas temperature in such plasmas can be varied independently. This makes optically pumped plasmas an ideal environment for studies of possible effects of ionization on the shock propagation.
II. EXPERIMENT
The schematic of the experimental setup is shown in Fig.  1 . The experimental apparatus consists of a spark discharge shock wave generator ͑Kolb tube͒ attached to a Pyrex glass shock tube/optical absorption cell with a test section for diagnostics of both shock wave parameters and plasma parameters. The entire apparatus is mounted on a Newport optical bench supported by a Unistrut table. A shock wave is generated by a spark discharge in a T-shaped Pyrex glass Kolb tube containing two 1/8-in. diameter tungsten electrodes 2.5 cm apart. A 2.5-cm diameter opening in the Kolb tube, centered at the middle of the electrode gap, expands to the 5-cm diameter shock tube connected to the Kolb tube as shown in Fig. 1 . The shock wave generated by the discharge propagates along the shock tube, which is 1 m long ͑see Fig. 1͒ . The spark is initiated by a discharge of two 1 F capacitors connected in parallel. The capacitors are charged by a Kaiser Systems 30 kV, 2.5 kW power supply. The spark is triggered by an EG&G TM-11A trigger module which applies a breakdown voltage to the electrodes. The trigger module also sends a synchronization signal to the digital oscilloscope to mark the spark initiation. The Kolb tube is surrounded by a copper mesh Faraday cage to prevent electromagnetic interference of the spark with the diagnostics equipment.
The line-of-sight averaged density gradient across the shock propagating along the tube, as well as the shock velocity, are determined by measuring the photoacoustic deflection ͑PAD͒ of a He-Ne laser beam perpendicular to the tube axis ͑see Fig. 1͒ . For this, a Uniphase 1125 heliumneon ͑He-Ne͒ laser (ϭ632.8 nm) with a beam diameter of 0.8 mm is used. The laser beam is split in two by a beam splitter and is directed onto two Thor Labs PDA 155 highspeed ͑50 MHz͒ amplified photodiode detectors ͑sensitive area of 1 mm 2 ͒ located 29.5 mm apart, as shown in Fig. 1 . Both detectors are initially set slightly off the He-Ne laser beams such that the beams are deflected onto the detectors as the shock traverses across each beam, due to change in the refraction index. The amplitude of the resultant PAD signal is proportional to the deflection angle, which is in turn proportional to the line-of-sight averaged density gradient across the shock. Note that the present PAD measurements cannot distinguish the true dispersion of a shock wave from the shock front distortion ͑curvature͒ produced during its propagation across a nonuniform plasma region. Therefore the measured PAD signal can indicate the combined effect of both these phenomena, or either of them acting independently, on the density gradient across the line of sight. The simultaneous use of two detectors allows measurements of the shock propagation velocity. The PAD signal from the detectors is acquired by a Tektronix TDA 360 digital oscilloscope at a sampling rate of 2 MHz ͑time resolution of 0.5 s͒. To acquire the PAD signal at the desired location, oscilloscope delay time relative to the synchronization signal from the TM-11A trigger ͑i.e., spark initiation͒ is adjusted. The entire PAD diagnostic system, including the He-Ne laser, the beamsplitter, the mirror, and the detectors is mounted on an optical rail, which can be moved along the shock tube, thus allowing measurements at different locations.
A cw CO laser beam enters the shock tube/optical absorption cell through a flange with a 2-in. diameter CaF 2 window at the end of the tube. The liquid nitrogen cooled CO laser 30 is designed in collaboration with the University of Bonn 34 and fabricated at Ohio State. It produces a substantial fraction of its power output on the vϭ2→1 fundamental band component in the infrared. In the present experiment, the laser is typically operated at 10-13 W cw broadband power on the lowest ten vibrational bands. The output on the lowest bands ͑1→0 or 2→1͒ is necessary to start the absorption process in cold CO ͑initially at 300 K͒ in the absorption cell. The lower vibrational states of CO in the cell, vр10, are populated by direct resonance absorption of the pump laser radiation in combination with rapid redistribution of population by vibration-vibration ͑VV͒ exchange processes,
The VV processes then continue to populate higher vibrational levels, up to vϭ40, 29, 30 which are not directly coupled to the laser radiation. The large heat capacity of the Ar diluent, as well as conductive and convective cooling of the gas flow, enables sustaining fairly low translational/rotational mode temperatures in the cell (Tϭ600-700 K). However, at steady-state conditions, the average vibrational mode energy of the CO corresponds to a few thousand degrees Kelvin. 29, 30 Thus a strong disequipartition of energy can be maintained in the cell, characterized by very high vibrational mode energy and a low translational/rotational mode temperature. As shown in Fig. 1 , the population of the vibrational states of CO in the cell is monitored using a Biorad FTS 175C Fourier transform infrared spectrometer ͑FTIR͒, which records spontaneous emission from the CO fundamental, first and second overtone bands through a CaF 2 window on the side of the cell. Figure 2 shows CO vibrational level populations inferred from these spectra. 30 It can be seen that very high vibrational levels, up to vϳ40, are populated. Analysis of the rotationally resolved CO emission spectra also allowed inference of the translational/rotational temperature in the test section. The unfocused CO laser beam, ϳ7 to 8 mm diameter, can sustain a strongly nonequilibrium optically pumped gas region 5-15 cm long and up to ϳ1 cm diameter ͑see Figs. 3 and 4͒. These dimensions are estimated from the size of the visible blue glow of the C 2 Swan band radiation, which is strongly coupled with the high vibrational level populations of CO ͑Ref. 35͒ ͑see Figs. 3 and 4͒. If the laser beam is focused, the visible plasma diameter is reduced to about 3 to 4 mm. A cylindrical shape plastic purge flushed with argon ͑see Fig. 1͒ has been used to prevent strong CO laser radiation absorption by carbon monoxide in the cell near the beam entrance window, which would otherwise lead to carbon deposit on the window and heat it up to high temperatures.
Ionization of highly excited CO molecules in the cell occurs by the associative ionization mechanism, in collisions of two highly vibrationally excited molecules when the sum of their vibrational energies exceeds the ionization potential, 29, [31] [32] [33] CO͑v ͒ϩCO͑ w ͒→͑ CO͒ 2 ϩ ϩe Ϫ ,
Our previous studies of ionization in CO-Ar optically pumped plasmas 31, 32 show that electron densities up to n e ϭ3ϫ10 11 cm Ϫ3 can be sustained at Pϭ100 Torr and CO laser power of 10-15 W.
The test section of the shock tube/optical absorption cell has a 1 2 -in. gas inlet port through which the gas mixture (CO-Ar-O 2 ) enters the tube. An additional 1 2 -in. inlet port in the end flange of the shock tube allows argon flow into the purge ͑see Fig. 1͒ . By changing the purge length and varying the argon flow rate through the purge, the location of the optically pumped plasma in the tube can be controlled. The gas exit port is connected to a vacuum pump through a throttling valve, which controls the mass flow rate through the shock tube at ϳ100 sccm, which corresponds to a flow velocity of ϳ1 cm/s at Pϳ0.1 atm. With the pump valve closed, the shock tube assembly has a leak rate of about 0.1 Torr/h. To add controlled small amounts of oxygen to the baseline CO-Ar gas mixture in the absorption cell, O 2 was diluted in argon at 5% level. The resultant O 2 /Ar mixture has been added to the shock tube. The baseline pressure in the cell was Pϭ70 Torr, with the CO partial pressure of P CO ϭ3.5 Torr. The O 2 /Ar mixture partial pressure was varied in the range 0-3 Torr. The reason for adding oxygen to the CO-Ar optically pumped plasma is that our previous experiments demonstrated that small amounts of O 2 additive (ϳ0.1%) strongly increase the electron density in the plasma ͑by a factor of 20-50͒. 32 At the same time, previous temperature measurements in the optically pumped plasmas 33 showed that adding such small amounts of O 2 and NO did not result in significant gas temperature changes.
For the electron density measurements in the optically pumped plasma, the CaF 2 window flanges at the ends of the arms of the absorption cell ͑see Fig. 1͒ are replaced by a pair of flanges holding microwave waveguides, which are thus placed on both sides of the cylindrically shaped plasma. The electron density is determined from the relative attenuation of a 10 GHz microwave radiation across the plasma. The average electron density in the plasma is inferred from these measurements using the following relation, 32 n e ϭ m e c 0 e
where coll is the electron-neutral collision frequency, ␦V/V inc ϭ(V trans ϪV inc )/V inc is the relative attenuation factor in terms of the forward power detector voltage proportional to the incident and the transmitted microwave power, and d is the diameter of the ionized region produced by the unfocused laser beam. The microwave attenuation measurement apparatus is described in greater detail in our previous publication.
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III. RESULTS AND DISCUSSION
A. Temperature measurements
To verify that the CO-Ar gas mixture temperature in the test section of the shock tube/optical absorption cell is not affected by the addition of small amounts of O 2 , the rotational temperature in several optically pumped CO-Ar-O 2 gas mixtures has been measured by Fourier transform infrared emission spectroscopy at 0.25 cm Ϫ1 resolution, as discussed in Sec. II. For these measurements, a shorter purge has been used so that the optically pumped plasma was centered in the region between the arms in the test section ͑see Fig. 1͒ . Figures 5 and 6 show a typical rotationally resolved CO fundamental emission spectrum and the Boltzmann plots obtained from such spectra, respectively. The slope of the Boltzmann plot in the spectral region not affected by the self-absorption of the CO infrared radiation by the plasma ͑i.e., in the straight-line region in Fig. 6͒ gives the rotational temperature of the gas mixture. As one can see from Fig. 6 , adding a small amount of O 2 ͑100 mTorr͒ to the baseline CO-Ar mixture at Pϭ70 Torr results in a translationalrotational temperature rise from Tϭ630 K to Tϭ665 K, or by about 5%. Table I shows the results of temperature measurements for various plasma and laser conditions, using both O 2 and NO as additives. One can see that adding small amounts of O 2 or NO ͑up to 0.1%͒ to the optically pumped CO-Ar mixtures results in a weak but consistent temperature increase by 3%-5%. The absolute uncertainty of these temperature measurements is Ϯ10 K. Note that these emission spectroscopy measurements yield the gas temperature averaged along the line of sight over a region occupied by the vibrationally excited CO near the shock tube centerline ͑ϳ1 cm diameter, see Figs. 3 and 4͒. For comparison, the gas temperature near the shock tube walls is much lower, only slightly exceeding the room temperature ͑the tube wall is warm to the touch͒. Therefore the optically pumped plasma creates a substantial radial temperature gradient in the shock tube. The insignificant effect of the O 2 additive on the gas mixture temperature is expected, since small amounts of oxygen can only weakly affect the CO vibrational mode energy balance. The observed temperature increase is mainly due to the faster CO vibrational relaxation rate by vibrationvibration and vibration-translation energy transfer in collisions with O 2 molecules. 36 Although the actual radial temperature distribution in these experiments is not measured, it is also very unlikely to be affected by the O 2 additive since the transport coefficients of the gas mixture are insensitive to such small changes in chemical composition.
B. Electron density measurements
Electron density in the optically pumped CO-Ar plasmas, with and without O 2 additive, has been measured using the microwave attenuation technique described in Sec. II ͑see also Ref. 32͒. The electron-neutral collision frequency in a CO-Ar mixture at Pϭ70 Torr and Tϭ650 K, coll ϭ7 ϫ10 10 s Ϫ1 , was obtained from the Boltzmann equation solution 31 using the experimental cross sections of elastic and inelastic electron-molecule collision processes available in the literature. The results are summarized in Table II . It can be seen that adding small amounts of oxygen to the baseline CO-Ar mixture results in a significant increase of the average electron density in the plasma ͑by more than an order of magnitude͒. This result is consistent with the previous electron density measurements in optically pumped CO-Ar and CO-N 2 plasmas with O 2 and NO additives recently conducted in our group. 32 Again, these measurements give the average electron density in the optically pumped region near the centerline of the shock tube, sustained by the unfocused CO laser beam ͑see Figs. 3 and 4͒ . The accuracy of these measurements, Ϯ25%, is primarily determined by the uncertainty of the diameter of the optically pumped plasma, dϭ8Ϯ2 mm ͓see Eq. ͑1͔͒. Note that the previous measurements 32 also demonstrated that the observed electron density increase occurs in spite of the reduction of the electron production rate in the presence of oxygen or nitric oxide. Qualitative interpretation of this effect, consistent with the previous measurements of ion composition in the CO-Ar-O 2 glow discharge plasmas, 37 is that the oxygen additive results in replacing the rapidly recombining cluster ions of the general form C n (CO) 2 ϩ , nϭ1 -12, which are the dominant ions in the CO-Ar plasmas, 37 by the more slowly recombining O 2 ϩ ions. With the O 2 additive present, the ionization fraction, n e ϭ(0.6-0.8)ϫ10
Ϫ8 cm Ϫ3 , is comparable with the ionization fraction in the previous experiments on shock wave propagation in glow discharge plasmas, 12, 13 where significant PAD signal dispersion has been observed. Indeed, for the glow discharge current of Iϭ30 mA, shock tube diameter of Dϭ5 cm ͑current density of j ϭ1.5 mA/cm 2 ͒, gas pressure of Pϭ30 Torr, and electric field of Eϭ86 V/cm, 12 the average electron density is n e ϭj/ew dr ϭ0.5ϫ10 10 cm Ϫ3 and the ionization fraction is n e /Nϭ1.0ϫ10
Ϫ8 . Here we assumed the average gas temperature at these conditions to be Tϳ600 K and the electron drift velocity in argon w dr ϭ2ϫ10 6 cm/s at E/Nϭ2 ϫ10 Ϫ16 V cm 2 . Summarizing the results of the temperature and electron density measurements, we conclude that adding small amounts of O 2 to the optically pumped CO-Ar plasmas allows significant increase of the electron density in the plasma ͑by more than an order of magnitude͒ while keeping the gas temperature distribution nearly the same ͑within 3%-5%͒. Therefore comparison of the characteristics of shock waves propagating in the CO-Ar and in the CO-Ar-O 2 plasmas ͑in particular, density profile across the shock͒ would allow separation of the temperature gradient and the ionization effects on the shock dispersion/curvature. In other words, if any difference is observed between the density distributions across the shock in these two cases, it would be due to the electron density increase. On the other hand, absence of such difference would demonstrate that the observed PAD signal dispersion is entirely due to the axial and radial temperature gradients in the optically pumped gas.
C. PAD measurements
The line-of-sight averaged density distribution across the spark-generated shock waves propagating through the optically pumped plasmas has been measured in CO-Ar plasmas, with and without O 2 additive, using the PAD diagnostics described in Sec. II. As discussed in Sec. I, the primary objective of these measurements is to determine whether the electron density variation by adding oxygen to the plasma ͑at a nearly constant gas temperature͒ affects the PAD signal dispersion ͑produced by both shock dispersion and curvature͒ in the plasma. First, we compared the PAD signals from the shock propagating through a cold nonionized gas with the PAD signal from the shock propagating in the optically pumped CO-Ar plasma sustained by an unfocused CO laser beam at two different pressures, Pϭ70 and Pϭ130 Torr ͑see Figs. 7 and 8͒. It can be seen that in both cases the PAD signal in the plasma is considerably dispersed and weakened. Such weakening and spreading of the PAD signal has previously been attributed primarily to curvature of the shock front. 16, 20, 27 The shock velocities in the cold nonionized gas are u s ϭ388Ϯ5 and 383Ϯ5 m/s at Pϭ70 and 130 Torr, respectively, which corresponds to the test section shock Mach number of Mϭ1.2. The shock velocity in the optically pumped plasma at Pϭ70 Torr increased to u s ϭ434 Ϯ7 m/s, while the shock velocity in the plasma at P ϭ130 Torr remained nearly the same as in the nonionized gas, u s ϭ388Ϯ5 m/s. The shock propagation velocity in the plasma increases due to the higher temperature on the centerline of the shock tube ͑see Sec. III B͒. On the other hand, strong shock dispersion and curvature reduces the maximum density gradient ͑i.e., weakens the shock͒ and therefore reduces the shock propagation velocity. Therefore the shock speed in the plasma is controlled by these two competing mechanisms. The shot-to-shot shock velocity variation did not exceed 2%. At Pϭ70 Torr, the maximum density gradient in the shock propagating in the plasma decreased and the PAD signal dispersion increased by up to a factor of 5, compared to the shock propagating in the cold nonionized gas ͑see Fig. 7͒ . At Pϭ130 Torr, the maximum density gradient in the shock propagating in the plasma decreased by up to a factor of 2.5, while the PAD signal dispersion increased by up to a factor of 5, compared to the shock propagating in the cold nonionized gas ͑see Fig. 8͒ . In both cases, the signal from the PAD detector No. 2, located 29.5 mm downstream from detector No. 1 ͑see Fig. 1͒ , shows that the shock propagating in the plasma becomes weaker and more spread out compared to the signal from detector No. 1. These results are consistent with the previous experiments on the sparkgenerated shock wave propagation in the glow discharge plasmas. 12 To determine whether the observed PAD signal weakening and dispersion are due to the nonuniform flow heating by the optically pumped plasma or due to the presence of electrons and ions in the flow, we conducted a series of PAD measurements in CO-Ar-O 2 mixtures. As discussed in Secs. III A and III B, adding up to 0.1% O 2 to the baseline CO-Ar mixture allows an increase of electron density by more than an order of magnitude without changing the gas temperature. Figures 9 and 10 show the PAD signals from shock waves propagating in the optically pumped CO-Ar plasmas and CO-Ar-O 2 plasmas ͑with 50 mTorr oxygen͒, at Pϭ70 and 130 Torr. One can see that in both cases the density gradient distributions across the shocks are nearly identical. Increasing the oxygen partial pressure up to 100 mTorr also did not produce any detectable change in the PAD signals.
Repeating the same measurements in the plasma sustained by a focused laser beam produced essentially the same results. Under no conditions did the increase of electron density by adding the oxygen additive produce any detectable effect on the density distribution across the shock. This negative result is consistent and repeatable and is not affected by the shot-to-shot variation. In other words, these results suggest that the electron density variation does not produce any detectable effect on the density distribution across the shock wave. Therefore we conclude that the apparent shock weakening and dispersion previously observed in nonequilibrium glow discharge plasmas 12, 13 are both entirely due to the nonuniform flow heating by the plasma. 
IV. SUMMARY
This article discusses experimental studies of sparkgenerated shock wave propagation in CO-laser sustained optically pumped CO-Ar-O 2 plasmas. The rotationaltranslational temperature in the plasma is measured by Fourier transform infrared emission spectroscopy. The electron density in the plasma is determined by microwave attenuation. The density distribution across the shock is determined by photoacoustic deflection ͑PAD͒. The measurements show that addition of up to 0.1% of oxygen to the baseline optically pumped CO-Ar plasmas increases the electron density and the ionization fraction by more than an order of magnitude, while the gas temperature remains nearly constant, within 3%-5%. This method allows varying the electron density in the plasmas nearly independently of temperature. The PAD measurements show considerable shock wave weakening and apparent spreading in the optically pumped plasma with a strong radial temperature gradient. However, varying the electron density independently of the gas temperature does not produce any detectable effect on the gas density distribution across the shock. We therefore conclude that the observed shock weakening is entirely due to the radial temperature gradient sustained by resonance absorption of the CO laser radiation near the centerline of the shock tube and it is not affected by the presence of the charged species in the plasma.
